Introduction
Seasonal influenza is a recurrent and ongoing infectious threat to kidney and other solid organ transplant recipients. Presenting as an acute, febrile respiratory illness, influenza infection may lead to a more complicated course in these immunosuppressed individuals [1] . As a result, annual inactivated influenza vaccination is consistently recommended for kidney transplant recipients, in spite of concerns over adequate vaccine response and potential safety risks [2] [3] [4] .
Changes in anti-hemagglutinin antibody titer are the best surrogate to measure influenza vaccine efficacy [5] . Several previous studies have described the initial anti-
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In a previous study, we examined the antibody response to influenza vaccination at 1 month in a prospective cohort study of kidney transplant recipients and healthy control participants [6] . In this study, we used the same cohort to compare the maintenance of a protective vaccine-induced antibody response through the end of the 2006-2007 influenza season. Based on their ongoing immunosuppression, we hypothesized that kidney transplant recipients would have a greater decrease in antibody titers compared with healthy controls at the end of the season.
Methods

Study Design
All study procedures were approved by the Institutional Review Board of Vanderbilt University Medical Center (VUMC). Informed consent was obtained from all study participants. We conducted a single-center, prospective cohort study of antibody response to the trivalent, inactivated, intramuscularly administered influenza vaccine in kidney transplant recipients on a tacrolimus-based immunosuppression regimen and healthy control participants. Kidney transplant recipients were recruited from the VUMC Renal Transplant Clinic during October and November 2006. Inclusion criteria for the transplant recipients were age 18-69 years with a functioning transplant, a tacrolimus-based immunosuppression regimen, and being more than 30 days from the transplant procedure. Healthy controls also aged 18-69 years were recruited during the same time period. Potential participants were excluded if they had already received the 2006-2007 influenza vaccine, had known anaphylactic reactions to eggs or prior influenza vaccine, or the presence of moderate to severe acute febrile illness in the week prior to enrollment. Transplant and control participants were not matched.
The study was composed of 3 visits. At visit 1, demographic, medical, and social data was collected from each patient with confirmation of medical data via the VUMC electronic medical re- Anti-hemagglutinin antibody levels were measured to represent antibody response to the vaccine. Levels were obtained using serum for the hemagglutinin inhibition test and the aggregate result for a group was reported as a geometric mean titer [15] . At 1 month, a positive antibody response was defined as: (1) seroconversion, a fourfold rise in antibody titer or conversion from a negative to positive titer; (2) seroprotection, an antibody titer of 1: 32 or greater, representing the 50% protective threshold [16] [17] [18] [19] . Participants were described as having baseline seroprotection to a given influenza type (A/H1N1, A/H3N2, or B) if their pre-vaccination titer was already 32 or greater. We reported the results of the 1-month antibody response previously [6] . In this follow-up study, we selected those participants with seroprotection at 1 month to see if they maintained a protective level of titer throughout the season. The primary outcome was proportion of subjects that maintained a protective antibody titer of 6 1: 32 (maintenance of seroprotection) at the end of influenza season. Secondary outcomes included changes in geometric mean titers. Kidney function was reported as serum creatinine in mg/dl or as estimated glomerular filtration rate using the four-variable MDRD study equation [20] .
Laboratory Methods
Three to 5 ml of serum was aliquoted and frozen at -80 ° C until tested for antibody response. Prior to hemagglutinin inhibition testing, serum was treated with receptor-destroying enzyme (RDE II 'Seiken'; Denka Seiken Co., Ltd, Tokyo, Japan) with 3 parts RDE to 1 part serum and incubated at 37 ° C for 18-20 h. The samples were diluted to 1: 8 with phosphate-buffered saline and then incubated at 56˚C for 1 h. Hemagglutinin inhibition testing was performed as previously described using the 2006-2007 WHO influenza reagent kit from CDC (Atlanta, Ga., USA) with Turkey red blood cells (CBT Farms, Chestertown, Md., USA) [21] . All samples were tested in duplicate. Serum creatinine was measured by the Vanderbilt Clinical Research Center core laboratory on the day of obtainment.
Statistical Analysis
Our initial sample size calculation was designed to test the null hypothesis that kidney transplant recipients and healthy controls would have the same antibody response to the seasonal inactivated influenza vaccine 1 month post-vaccination. Descriptive statistics were calculated as the median with interquartile range (IQR) (or mean with SD) for continuous variables. For categorical variables, frequencies and percentages were presented. Differences between control and transplant groups were assessed using Wilcoxon rank sum test or 2 test. Multivariable linear regression was used to test for differences in titers between groups with ad- 
Results
Baseline Characteristics
Of the 159 participants in the original cohort, 153 developed seroprotection to at least one influenza antigen type at 1 month post-vaccination and comprised the current study cohort. The baseline characteristics of the study cohort are shown in table 1 . One-third (n = 51) of the participants were kidney transplant recipients. Significantly more healthy control participants were women. The transplant recipients had significantly decreased kidney function compared with the healthy controls with a mean serum creatinine of 1.5 8 0.6 and 0.9 8 0.2 mg/ dl, respectively. Though both groups had a similar history of prior influenza vaccination, significantly less kidney transplant recipients (47%) than controls (69%) had baseline seroprotection to A/H3N2 (p = 0.01) with a lower baseline geometric mean titer as well. Baseline seroprotection and geometric mean titers were similar in both groups for A/H1N1 and B.
Of the 153 participants, 122 (79.7%) had a third visit with an end-of-season antibody titer obtained ( fig. 1 ). Significantly fewer transplant recipients versus controls completed the third visit (p = 0.004). The transplant group had significantly more time between their initial vaccination (visit 1) and end-of-season visit (visit 3). Otherwise those without a third visit did not differ from those with a third visit by age, sex, race, previous influenza vaccination history, or presence of baseline seroprotection to any of the vaccine types.
In the kidney transplant participants with a third visit, an equal number of recipients had received a living or deceased donor allograft ( table 2 ). The median time since The most common cause of end-stage renal disease was diabetes mellitus. Of the transplant recipients, 91% received induction therapy, with the majority receiving antithymocyte antiglobulin (61.8%). Based on study design, all kidney transplant recipients were on a tacrolimus-based regimen with a median tacrolimus dose of 6 mg/day (IQR 4-6.5) and median tacrolimus dose-corrected trough level of 1.3 (ng/ ml)/mg (IQR 1-1.7). Almost half of the transplant group was on prednisone.
Antibody Titers
Geometric mean titers are shown in figure 2 . The titers from post-vaccination to the end of season decreased significantly within each group for all three influenza types using the Wilcoxon signed rank test (p ! 0.001 for all three types for both groups). Using linear regression, differences between antibody titers between the two groups at the end of season were assessed. Adjustment was made for titer at 1 month, age, sex, race, and baseline serum creatinine. The end-of-season vaccination titer was not significantly different between the control and transplant groups for all three types. We next used a linear mixedeffects model to assess the titer change over all study time between the two groups. The fixed effects included age, sex, race, baseline creatinine, observation time, group, and observation time by group interaction. Using this model the titer changes over time were statistically significant between the groups for all three influenza types.
Primary Outcome
The proportion of participants who maintained a protective antibody response throughout the study period for each influenza antigen type is shown in table 3 . The starting cohort number is different for each type as it represents those who developed seroprotection at 1 month post-vaccination for that particular type. For influenza types A/H1N1 and B, the proportion of participants in the transplant and control groups who maintained a protective antibody response was not different between the groups. For A/H3N2, a significantly lower proportion of the transplant group remained seroprotected with a titer 6 32 at the end of season compared with healthy controls, 66.7 versus 90.4%, respectively. The transplant group had 0.21 decreased odds of maintaining seroprotection (95% confidence interval 0.07-0.64, p = 0.006) compared with healthy controls.
Given that the transplant group had a significantly lower baseline geometric mean titer than the healthy control group for A/H3N2 and a difference was seen in maintenance of seroprotection, analyses were performed using multivariate logistical regression that adjusted for titer at 1 month as well as a propensity score for age, sex, race, and baseline serum creatinine. Once adjusted, the difference for A/H3N2 at the end of season was no longer significant.
No adverse events were reported by any of the study participants, including no rejection episodes or graft loss in the transplant group. Two control participants and no transplant participants reported influenza-like illness without hospitalization over the study period. Values expressed as median (25th-75th percentiles), or number (%). MMF = Mycophenolate mofetil; MPA = mycophenolic acid; CMV = cytomegalovirus. 
Flu Vaccine Response in Kidney Transplant
Discussion
In this prospective cohort study, we showed that once a protective antibody response is successfully developed, kidney transplant recipients are able to maintain the response as effectively for A/H1N1, A/H3N2, and B types throughout the influenza season once adjusted for other covariates. Several studies have reported the initial antibody response to influenza vaccine in kidney transplant recipients, some showing a comparable and others showing a diminished response compared with healthy controls [7] [8] [9] . In a previous study, we showed that the proportion of kidney transplant recipients who developed seroconversion or seroprotection to the 2006-2007 seasonal inactivated influenza vaccine at 1 month post-vaccination was lower for some types, especially for patients within 6 months of transplantation. However, little information exists about what happens to this response over the duration of the influenza season as patients continue to be immunosuppressed by their transplant medications. When considering all three types, the proportion of the transplant group remaining adequately protected ranged from 66.7 to 88.5%, showing that the great majority of kidney transplant recipients are able to maintain a protective response to influenza vaccination throughout the influenza season once they develop an initial protective response. Even though the seroprotective response to A/H3N2 was statistically significantly less in kidney transplant recipients in unadjusted analyses, in reality about two thirds (66.7%) maintained a seroprotective response showing the majority of patients will maintain a protective titer. This supports seasonal influenza vaccination in kidney transplant recipients, concurring with the official recommendations by the American Society for Transplantation and Centers for Disease Control and Prevention [2, 3] .
For healthy control participants, previous studies have shown that after the initial antibody response occurs within the first month post-vaccination, antibody titers and responses persist for several months until the next influenza season. For example, Künzel et al. [22] showed that geometric mean titers and protective antibody responses at 280 days were consistent with those seen at 7 days. In addition, 71-100% of vaccinees continued to have protective antibody responses at 280 days. The median follow-up time for our cohort was 174.5 and 155 days for the transplant and healthy control groups respectively, falling within the above time frame. Our results in kidney transplant recipients are consistent with those of healthy controls, showing that though immunosuppressed, the transplant recipients are able to maintain an adequate protective antibody response throughout the influenza season. However, titers in both groups did wane, reinforcing the importance of annual vaccination.
A limitation of this study is the use of a surrogate endpoint, antibody titer, for actual clinical outcomes, like documented influenza illness or hospitalization/death related to influenza-like illness. Participants were asked about subjective influenza-like illness at each visit, but they were not actively tested for infection, limiting detection of actual influenza infection. A recent large retrospective study of over 51,000 Medicare patients with kidney transplants did show that influenza vaccination was associated with a lower risk of graft loss and death [23] . Another limitation is the small cohort sample size, increasing the possibility that we may not be able to detect a difference between the transplant and control groups even if one really exists.
In summary, we show that kidney transplant patients are able to maintain season long immunoprotection against different types of influenza. While a future prospective study with a larger sample size and matched controls with relevant clinical outcomes could be helpful in further understanding influenza vaccine response, current recommendations should include continued annual vaccination in kidney transplant recipients.
